PARENTAL EFFECTS ON DEVELOPMENT ENABLE GENETIC EVOLUTION
As any metaphor, parental effects-that occur when the phenotype of an individual is affected by the phenotype or environment of its parents (Roach & Wulff 1987; Bernardo 1996; Mousseau & Fox 1998a )-mean different things to different scientists and in different areas of biology (Mousseau et al. 2009 ). This diversity of perspectives is amply demonstrated by the contributions to this theme issue. To some, parental effects represent discrete static components of variance in phenotypes (e.g. Wolf & Wade 2009 )-a view originating from the statistical framework of quantitative genetics. Reflecting its focus on optimality in organismal form and function, behavioural ecologists commonly treat parental effects as an adaptation (e.g. Crean & Marshall 2009; Harris & Uller 2009 ), while an extension of this view in evolutionary ecology considers parental effects to be an evolved compromise between responses of parental and offspring generations to natural selection (e.g. Duckworth 2009; Russell & Lummaa 2009 ). In ecology and population biology, the focus on ecological succession, niche construction and population cycling emphasizes the inheritance and time-lag components of parental effects (e.g. Donohue 2009; Inchausti & Ginzburg 2009; Plaistow & Benton 2009) , whereas animal physiology and developmental biology often focus on parental effects' role in transgenerational transfer of essential developmental templates and resources (e.g. Brown & Shine 2009 ) as well as maintenance of organismal homeostasis. Studies explicitly dealing with establishing links between the origin of adaptation and evolutionary change consider parental effects a stage in an evolutionary cycle connecting initial phenotypic retention of adaptive changes and their eventual genetic determination (Badyaev 2009) .
Such a diversity of perspectives is expected from the biological reality of the composite nature of parental effects, but it also highlights a lack of agreement about their place in the evolutionary cycle. For example, parental effects are most commonly treated as an evolved adaptive outcome of natural selection-a static direct bridge that provides a discrete channel of transmission of functions and environments between parental and offspring phenotypes and whose configuration and placement are subject to natural selection. An effect of such a discrete and static channel of transmission is then assessed in statistical partitioning of phenotypic variance. This perspective is problematic for several reasons. First, the view of parental effects as an evolved and static pattern obscures their transient nature as a developmental process and is not consistent with new findings on the interchangeability and interrelatedness of epigenetic and genetic mechanisms of which they consist (e.g. Allis et al. 2007) . Parental effects are crucial aspects of development not because they contain evolved adaptive instructions about phenotypes, but because they have an impact (i.e. an effect) on developing phenotypes. The extent of this impact is a function of the reliability and availability of the repertoire of developmental resources transferred or reconstructed by parental effect processes. In other words, parental effects on development enable evolution by natural selection by reliably transferring the developmental resources needed to reconstruct and modify genetically inherited components of ontogenies in the offspring environment. Second, the impact of parentally transferred developmental resources itself has an ontogeny, such that 'sensitivity' of developing offspring to parentally transferred developmental resources needs to be constructed and can evolve, resulting in the variable expression of parental effects both in individual development and over evolutionary time.
Whereas most of the attention has been paid to variation in the outcomes of parental effects on offspring phenotype and the similarity between offspring and parents, here we focus on the mechanisms behind these effects. We specifically emphasize three points. First, we highlight the distinction between parental effects that, by providing developmental templates or essential resources, are involved in the reconstruction of developmental niches and pathways (i.e. 'developmentally entrenched' parental effects) versus parental effects that capitalize on the existing developmental pathways to modify the developmental niche (i.e. 'context-specific' parental effects). We are specifically interested in establishing an evolutionary link between these two classes of parental effects. Second, we discuss two contrasting aspects of parental effects in evolution by natural selection: on the one hand, parental effects can enable rapid evolution of adaptations by sustaining and regulating complex ontogenies across generations, yet, on the other hand, their modifications of offspring ontogenies can impose strong constraints on diversification and adaptability when the environment of offspring and parental generations differ. Finally, we address the relationship between parental effects and evolution of heredity with specific focus on the mechanisms and conditions under which organismal adaptations generate hereditary variation.
PARENTAL EFFECTS AND CONSTRUCTION OF THE DEVELOPMENTAL NICHE (a) Mechanisms of parental effects
Parental effects construct the developmental niche of offspring by transferring or creating developmental resources that can (i) enable reliable implementation of genetically encoded contingencies, (ii) maintain transgenerational transfer of developmental variation and thus increase phenotypic similarity between parent and offspring generations, (iii) induce novel variation in offspring in response to the conditions present in parental generations, and (iv) modify development to expose previously accumulated variability and hitherto unexpressed developmental pathways. These general outcomes can be accomplished by any of the three general categories of transmission between parental and offspring generations: (i) germ cells to germ cells (path I, figure 1, e.g. epigenetic marking of germ cells' chromatin, sex-specific genomic imprinting; Narasimha et al. 1997; Kimmins & Sassone-Corsi 2005; van de Lavoir et al. 2006) , (ii) somatic tissues to germ cells (path II, figure 1, e.g. somatic effects on gametogenesis, germ cell apoptosis and transfer of organelles, migration, mitosis and meiosis; Nakamura et al. 1988; Barber et al. 1991; Karagenc et al. 1996; Johnson 2003; Bekaert et al. 2004; Hashimoto et al. 2004; Renault et al. 2004; Platonov & Isaev 2006; Rutkowska & Badyaev 2008) , and (iii) somatic tissues to somatic tissues (paths III and IV, e.g. effects of hormones, nutrients, transfer of symbionts and immunodefence factors, transfer of environment created or modified by parental activity; Odling-Smee et al. 2003; Turner 2004; Weaver et al. 2004; Moran 2007; Groothuis & Schwabl 2008) . Here, we address three outstanding issues in the evolution of parental effects: (i) causes of differential prevalence of particular paths of parental effects across taxa and environments (figure 1), (ii) the historical relationship between parental effects that evolve by natural selection and those that emerge as a result of development, and (iii) evolutionary transitions between the paths of parental effects.
Prevalence of a particular channel in the construction of the offspring developmental niche depends on (i) the duration and discreteness of each stage in figure 1, (ii) the extent of temporal offset between generations, (iii) similarity in developmental resources between the sexes, and (iv) similarity of environment between the stages and generations (see §3; Oyama 1988; Badyaev 2005a; Uller 2008) . For example, in species such as plants and fungi that have late or continuous induction of germ cells from somatic tissues, the induction of changes in somatic tissues that become germ cells could be present across a lifetime, while in vertebrates it is often limited to a short period of early embryonic induction of germ cells from somatic tissues (Buss 1988; Extavour & Akam 2003) . Greater developmental offset between generations (figure 1) should reduce the possibility of identical somatic modifications in both generations and thus lead to lesser fidelity in the reconstruction of the same developmental niche across generations. In addition, sex specificity in developmental resources can greatly limit parental effects on the offspring generation (reviewed in Badyaev 2002; Carere & Balthazart 2007) . Both developmental offset between the generations and sex specificity in parental effects contribute to modification and diversification of offspring phenotypes and both can generate strong natural selection to minimize the limiting effects of sex specificity or developmental offset between the generations (Rossiter 1998; Uller 2003 Uller , 2006 ).
Paths of parental effects also differ in the extent to which they are suited to reconstruct an evolved specific adaptation versus induce novel phenotypic and genetic variation, i.e. in their contribution to the link between 'continuity of phenotype' versus 'continuity of information' (figure 1) in the evolution of parental effects (Jablonka 2002; Badyaev 2008) . Later acting, somatic tissue-to-somatic tissue parental effects (paths III and IV, figure 1) might have greater involvement in transgenerational transference of novel adaptive variation (i.e. transference of 'function') because they represent developmental induction pre-screened and shaped by functioning (e.g. maternal) somatic tissues. In addition, because of the necessary temporal offset between the generations, parental effects can influence progressively earlier developmental processes and channel offspring's developmental processes to effectively reconstruct functional phenotypes. Both of these characteristics make somatic tissue-to-somatic tissue parental effects well suited for short-term modifications of offspring phenotype ( Jablonka & Lamb 1995; Schlichting & Pigliucci 1998; Pigliucci 2001; West-Eberhard 2003; Räsänen & Kruuk 2007) . Owing to the complexity and abundance of genetic variance in the pre-existing developmental systems underlying such parental effects, they are good candidates for phenotypic accommodation of novel developmental variation and, over evolutionary time, for eventual genetic assimilation (Baldwin 1902; Schmalhausen 1938) . However, the coevolution of offspring and parental adaptations in somatic tissueto-somatic tissue transmissions is constrained by limited inheritance of late ontogeny modifications, especially in fluctuating environments (see §3, figure 1). By contrast, earlier acting germ cell-to-germ cell or somatic tissue-to-germ cells parental effects are less suited for transference and reconstruction of novel adaptive variation, but by providing templates and Transference of adaptive function mostly involves late ontogeny somatic tissue transmissions, while the importance of genetic inheritance decreases with ontogenetic decrease in the predictability of parentally transferred resources. Path I is parental effects on germ cells (including germ cell-to-germ cell and somatic tissue-to-germ cell effects), and path II shows somatic tissueto-germ cell effects. Path III-somatic tissue-to-somatic issue effects on offspring development, including templating and priming parental effects, and path IV includes somatic tissue-to-somatic tissue parental effects on offspring growth and development, including provisioning, sexual imprinting, learning and inheritance of parental ecological and social environments (see text for examples of parental effects for each path). Adapted from Badyaev (2008) .
through priming effects on offspring development, they can strongly facilitate continuity of a species-specific developmental niche of offspring. Parental effects can be classified by their outcomes and developmental targets into three general categories: (i) developmentally entrenched parental effects that represent highly coevolved parent-offspring adaptations that consistently produce species-specific developmental dynamics in most species-specific environments, (ii) context-specific parental effects that modify offspring ontogeny and expose or induce developmental variation specific to a particular environmental context, and (iii) 'passive' parental effects that under a stressful environment (capitalizing on their role as developmental regulators of offspring growth) expose previously unexpressed developmental variation in offspring ontogeny. A central question is whether these paths are time-specific adaptations that fine-tune an evolved form to a particular environmental context or whether they are stages in an evolutionary continuum of inheritance systems that retain, accumulate and pass on the most recurrent organismenvironment associations, so that developmentally entrenched parental effects are an evolved form of context-specific (and thus less recurrent) or passive parental effects.
(b) Parental effects as reconstruction of the developmental niche: entrenched parental effects Species-specific phenotypes are as much a product of species-specific environments of development as they are of species-specific genotypes, and parental effects play a crucial role in constructing such environments. Some of these parental effects, such as maternally derived RNAs, organelles, cytoplasmic gradients and symbionts, can be transferred directly to influence developmental variation in offspring, and some parental effects in this category provide a developmental template and resources for early embryonic morphogenesis. However, direct transfer of resources is not confined to early ontogeny-transfer of species-specific environment modified by parental activity (such as plant succession, direct inheritance of environment, social rank or parental resources) could occur throughout organismal lifetime (Fairbanks 1996; Avital & Jablonka 2000; Jablonka 2001; McComb et al. 2001; Donnell et al. 2004; Dloniak et al. 2006) . Other parental effects, such as early transfer of steroids and antioxidants, are crucial for the formation of receptor fields and sensitivities, as well as priming of the offspring's own receptors for subsequent reaction to self-synthesized products (Gatford et al. 1996; Lucas et al. 1996; Lung et al. 1996; Surai & Speake 1998; Karadas et al. 2005) . Additional developmentally entrenched parental effects operate through highly predictable, developmental stage-specific signalling between parental and offspring phenotypes (e.g. timespecific effects of maternal hormones on DNA methylation or offspring somatic growth; Adkins-Regan et al. 1995; Meaney 2001; Rapp & Wendel 2005) .
Precise stage specificity of these developmentally entrenched parental effects illustrates their highly evolved recurrent nature. Priming effects on offspring form and function are a particularly interesting example because they involve modulation of parental-offspring adaptation in relation to the costs of de novo versus facilitated development in different environments (Badyaev 2005a , see §4), More generally, such developmentally entrenched and highly reliable parental effects play an important role in the construction of developmental pathways that later enable contextspecific parental effects on offspring phenotypes.
(c) Parental effects as modification of the developmental niche: context-specific parental effects Variation in the reliability and availability of parentally transferred resources can result in the lack of transgenerational persistence of some phenotypes and is a powerful force for the induction, transference and inheritance of novel developmental variation. Such introduction of novel variation can operate through all three main channels (germ cells to germ cells, somatic tissue to germ cells and somatic tissue to somatic tissue), although introduction of adaptive (i.e. context dependent) developmental variation usually involves functional soma (e.g. maternal phenotype) and thus are often limited to somatic tissue-to-germ cells and somatic tissue-to-somatic tissue channels (e.g. Fleming et al. 2002; Jablonka 2002; Badyaev 2008) . By contrast, diversifying and inducing parental effects seem to be distributed across the routes of transmission and reconstruction; when reliability or availability of parentally transferred resources change (including as a result of changes in other components of phenotype or environment), components of parental effects themselves become a powerful source of natural and sexual selection (see §3, Qvarnström & Price 2001; Zeh & Zeh 2005) . Here, we partition context-dependent parental effects by their outcomes into two categories: diversifying and directional effects on offspring phenotypes.
First, variation in repertoire and availability of developmental resources transferred by parental effects can increase variance in offspring phenotypes. Proximately, such outcomes can be a result of (i) developmental offset between generations or of sex or morph specificity of parental effects (and thus mismatch between parental strategy and effects; Lachmann & Jablonka 1996; Piersma & Drent 2003; Carere & Balthazart 2007) , (ii) parental modification of developmental niche associated with a change in environments between generations (Atchley et al. 1991; Clark & Galef 1995; Gil et al. 1999; Rhees et al. 1999; Agrawal 2002; Whittingham & Schwabl 2002; Donohue et al. 2005; Plaistow et al. 2006; Uller 2006) , (iii) direct and indirect parental effects on developmental integration of offspring ontogeny and resulting exposure and repatterning of novel phenotypic and genetic variation (Schlichting 2003; Badyaev 2005a) , including through the effect of stress hormones on the induction of behavioural and morphological variation in offspring (Sibly & Calow 1989; Denver 1999; Boyce & Ellis 2005) , and (iv) direct parental effects on the elevation in mutation and recombination rates and direction of their phenotypic outcomes (Jablonka & Lamb 1995; Imasheva 1999) .
Second, when the environment of breeding is similar over long time scales, recurrent parental effects (i.e. recurrent maternal transference of context-specific developmental resources) can lead to directional exaggeration of some components of offspring phenotype. For example, maternal transference of stress hormones is commonly associated with diversifying effects on offspring development (McCormick 1998; Uller & Olsson 2006) . However, when a stressor is recurrent, maternal transference of stress hormones can induce precise and directional effects on offspring development (Boorse & Denver 2004; Love & Williams 2008) . Similarly, directional variation in offspring phenotype can be produced by a consistent gradient in repertoire or availability of maternally transferred resources, such as variation in offspring size owing to systematic variation in hormone or nutrients allocation during gametogenesis or consistent seasonal variation in nutrients passed to offspring (Miao et al. 1991; Cordero et al. 2001; Williams et al. 2004 ). In addition, when variation in maternally transferred resources is sex or morph specific (either in availability or in repertoire), it can facilitate production of discrete distributions of offspring phenotypes. For example, parental effect on offspring growth is a powerful factor in the evolution of sexual size dimorphism (e.g. Ono & Boness 1996; Guégan et al. 2000; reviewed in Badyaev 2002 ). More generally, developmental offset between the generations enables parental effects to act at developmentally conserved regulatory stages that often harbour a diversity of previously accumulated complex adaptations (Goldschmidt 1940; WestEberhard 2003) , thereby facilitating rapid production of discrete phenotypes.
SELECTION ON PARENTAL EFFECTS
Parental transfer of developmental resources to offspring capitalizes on both the evolved sensitivity of offspring growth to these resources and the ability of offspring phenotype to use these resources in ontogeny (Rossiter 1996; Mousseau & Fox 1998a; Uller 2008) . In turn, exposure of developmental variation by parental effects to natural and sexual selection results in the accumulation of the most recurrent (and fit) organism-environment configurations. Crucial for the evolution of parental effects is the scale of environmental fluctuations in relation to the generation time that determines concordance of natural selection on parental and offspring strategies (Mousseau & Dingle 1991; Piersma & Drent 2003; Badyaev 2005b) , such that selection on contextdependent parental effects can lead to their stabilization and the reliable formation of sets of traits in parents and offspring under specific conditions, some of which may be adaptive for parents, offspring or both.
The evolution of adaptive parental effects should be particularly rapid when environmental fluctuations do not last more than a few generations and when there is a strong correlation between maternal and offspring environments, which facilitates stabilization and canalization of context-dependent parental effects Lachmann & Jablonka 1996; Galloway 2005; Marshall & Uller 2007; Uller 2008) . Furthermore, stage-and generation-specific selection together with limited opportunity for the incorporation of 'external' environmental cues in some developmental stages (figure 1) may lead to capitalization on the pre-existing, developmentally entrenched parental effects to enable context-dependent offspring development (e.g. Young & Badyaev 2007) . For example, parental effects often involve organization of major life-history traits early in life when offspring sensory organs are poorly developed, such as initiation of dormancy, diapause or dispersal (Mousseau & Fox 1998a; Massot & Clobert 2000; Donohue 2009; Duckworth 2009 ).
Selection on parental effects combines life stages of two generations, which generates scope for antagonistic selection across generations (i.e. parent-offspring conflict ; Trivers 1974; Godfray 1995; Parker et al. 2002) . Consequently, selection on parents might favour strategies that reduce offspring fitness and vice versa (Scholl et al. 1994; Haig 1996; Zeh & Zeh 2000; Crespi & Semeniuk 2004) . The evolutionary dynamics of parental effects under parent-offspring conflict should depend on the relative costs and benefits of a particular set of strategies to the interacting individuals, the strength and consistency of selection on those strategies, and mechanistic aspects of interactions that influence whether or not one of the generations can impose their strategy on the other (Price 1998; Mü ller et al. 2007; Uller 2008) . This coevolution of parental and offspring traits results in the formation of phenotypic and genetic covariance between parents and offspring ( Wolf & Brodie 1998; Smiseth et al. 2008) , with the most consistent and recurrent configurations ultimately producing developmentally entrenched parental effects that are part of speciesspecific normal development (Badyaev 2007 (Badyaev , 2008 .
A NOVEL PERSPECTIVE ON PARENTAL EFFECTS IN EVOLUTION
Through their transfer of developmental resources needed to reconstruct or modify offspring ontogeny, parental effects combine elements of developmental variation, natural selection and inheritance, and these processes can generate contrasting patterns depending on the context-specific relationship between them. As this review shows, parental effects can generate novel developmental variation or prevent its expression, generate natural selection or retard it through matching developmental and functional periods of two generations, enhance heredity by increasing similarity between ancestors and descendants and enabling inheritance of adaptive modifications, or reduce it through diversifying effects on development. Thus, the study of parental effects calls our attention to the complexity of causes and influences in development and evolution that go well beyond genetic inheritance and natural selection and emphasizes the importance of a deeper understanding of developmental dynamics of life cycles.
We think that a novel perspective on the evolution of parental effects is emerging. Parental effects can be viewed as a stage in an evolutionary continuum-a composite entity that capitalizes on the functional and developmental offset between the generations, and continuously retains and reconstructs the most reliable organism-environment configurations (Schmalhausen 1938; Newman & Mü ller 2000; Badyaev 2007; Callebaut et al. 2007) . Under this perspective, initially
Review. Maternal effects in ecology and evolution A. V. Badyaev & T. Uller 1173 emergent or stress-induced parental effects continuously give rise to short-term context-dependent parental effects, which, depending on the reliability of transferred developmental resources and recurrence of environmental context, can eventually become developmentally entrenched, species-specific parental effects and, over evolutionary time, a part of genetically determined components of development. The degree of environmental fluctuation is a key factor in this process, such that the effects of stable, essentially constant over a wide range of species-specific conditions, internal environments become a characteristic of normal speciesspecific development and are no longer detectable as 'maternal effects' in statistical models.
Under this perspective, ongoing evolutionary transitions between the stages of parental effects can be interrupted such that a particular context-dependent parental effect can be stabilized and canalized by natural selection, limiting its variation and resulting in its long-term persistence on a particular set of parental and offspring traits in a particular set of circumstances. Similarly, a build-up of adaptive parental effects on offspring phenotype (such as epigenetic marking of genes in offspring germ line or an expansion of hormone receptor fields in offspring somatic tissues) can be reset and erased by a stressor, resulting in adaptively neutral parental effects that expose novel developmental variance.
Parental effects combine a bewildering diversity of phenomena-from epigenetic modification of activity and structure of genes in germ cells, to hormonal induction of novel morphological and behavioural variation, to transference of immunological factors produced as a result of exposure to pathogens, to behavioural inheritance of novel traditions, modified song dialects, food and mate preferences, and to ecological inheritance of modified environments (Jablonka & Lamb 1995; Mousseau & Fox 1998b; West-Eberhard 2003;  contributions in this issue). Some of these effects act early in ontogeny, while others require sufficient development of offspring to have an effect (e.g. cultural inheritance of song dialect). Both of these classes of parental effects can be developmentally entrenched or 'context dependent', and the perspective outlined here, with its emphasis on the reconstruction of all aspects of offspring phenotype and plurality of inheritance systems, provides a mechanism for their evolution. Thus, this perspective brings forward the original notion in evolutionary theory that organismal functioning itself generates aspects of hereditary variation (Darwin 1859) and builds a continuum of this variation from short-term within-generation physiological and behavioural responses to environmental change to genetic inheritance of the most persistent adaptations (Oyama 2000; Mü ller & Newman 2003) .
The main advantage of such a perspective is that it makes explicit the link between within-generation modification of phenotype and among-generation change, origination of novel variation and its maintenance, and, more generally, connects adaptation and evolutionary change (e.g. Badyaev 2008 ). Generational offset in development and function in relation to the external environment links generation of developmental variation, its selection and inheritance (e.g. overlap between stage-specific selection pressures of different generations in figure 1 ). This highlights parental effects as an important source of evolutionary diversifications and innovations of modern organisms: parental effects can generate and retain adaptive novelties and produce coordinated changes in multiple offspring phenotypes simultaneously. Owing to these features, Badyaev (2009) suggested that parental effects are an illustration of the Baldwin effect-the process by which nonheritable developmental accommodation of novel inputs, which increase an organism's fit in its current environment, can become internalized and affect the course of evolution (Baldwin 1902; Schmalhausen 1969 )-a perspective that, if correct, puts parental effect processes at the forefront of diversification and innovation in modern organism.
What this perspective makes clear is that the composite nature of parental effects phenomena makes it difficult to extrapolate processes and causes from their effect on offspring development or to assign a greater causal role to only some components of parental effects when all are required for normal development. What are needed to test this perspective empirically are the studies that place parental effects processes in an explicitly historical context by (i) examining evolutionary transference in their mechanisms, paths and effects in relation to recurrence of environments and (ii) examining the relationship between genetic and epigenetic variation in the development of organismal form and function in relation to such recurrence. By providing essential developmental resources for the reconstruction of past development, parental effects link the continuity of phenotype and continuity of information in evolutionary cycles. In doing so, they determine the direction of evolution-'the direction of the ontogenetic accommodations of the earlier generations' (Baldwin 1902 )-and thus seamlessly integrate development and evolution-a major and long-awaited step in evolutionary theory. 
